Abstract. { We analyse the Schlieren textures formed by the nematic director in a thermotropic main-chain liquid crystalline polymer. After an initial coarsening, the textures reach a stable time-independent state which appears to be an equilibrium function of temperature and material parameters, with a characteristic length scale of order 2 m. In particular, we study the evolution of this domain size when the temperature approaches the nematic-isotropic transition Tni. The texture size increases towards Tni, but decreases reversibly when the temperature decreases back into the nematic phase. We discuss possible theoretical models that may explain such an equilibrium polydomain state of nematic director and the dependence of its size on the nematic order parameter.
Introduction. { Birefringent textures in nematic liquid crystals are due to the spatial variations of the director eld n(r), which are visualised through the optical contrast between the regions with di erent orientations of this axis. A t ypical Schlieren texture has a variety of topological defects of the orientational order (disclinations) that match the director eld between the domains with di erent orientation of n. The average distance between disclinations represents the size of such correlated regions within which the nematic director is more or less aligned, and is a characteristic length scale of the texture. Although there is no abrupt boundary separating such regions with di erent average director alignment, they are often referred to as domains, the average distance between disclinations being called the domain size . The presence of a texture in the director eld is energetically unfavourable and is penalised by the Frank elastic energy density 1 2 K(r n) 2 . As a result, the textures always tend to relax towards the equilibrium uniform director alignment, if unconstrained. Such a process is often viewed as the growth of correlated domains, or of the average distance between disclinations: the coarsening of the characteristic length scale. The evolution of nematic textures is best seen immediately after the ( rst-order) nematic-isotropic transition and has been the subject of extensive research and interesting analogies 1]. Theoretical, as well as experimental results of this research describe the interaction of disclinations of opposite Typeset using EURO-T E X sign annihilating each other, leading to a power-law increase in the characteristic domain size t 1 2] as the system approaches its lowest elastic energy equilibrium. Evidently, the dynamics of coarsening is determined by the laws of friction applied, for instance, to moving disclinations. Hence, the high viscosity of liquid crystalline polymers (LCP) should make the coarsening of Schlieren textures much s l o wer than that in low-molecular weight nematics. Indeed, this has been seen in many materials, particularly side-chain LCP's (see, for instance, 3]) where the reorientation of mesogenic groups is restricted by connection to the polymer backbone. In main chain liquid crystalline polymers (MCLCPs) rod-like mesogenic groups separated by exible spacers form the chains. In this case, the nematic director rotation is determined by the dynamics of polymer backbone itself 4]. It is not impossible to imagine that the reptation of a nematic chain, folded into straight segments separated by hairpins 5, 6] will be severely restricted: rigid segments of, say, 30-40 A long may nd it very hard to negotiate a narrow hairpin (a typical reptation tube diameter b e i n g o f t h e same order of magnitude). If the probability o f c hain reptation is very low, the relaxation behaviour of such a nematic polymer would be similar to that of an elastomer, where the chains are permanently crosslinked into the network (see, e.g. the review 7] for detail).
The Schlieren textures in MCLCP and, in particular, the process of texture coarsening has been extensively studied over recent y ears 8, 9, 10, 11, 12] . It appears that the coarsening occurs via the annihilation of disclinations of opposite sign, as in other nematic systems. It has been reported that the average domain size scales as t 0:35 10, 1 1 ]. Such coarsening is accompanied by an evolution of the macroscopic properties of the system: increasing the nematic-isotropic transition temperature T ni 12, 15] and increasing the inherent viscosity 1 5 ] . However, in all MCLCP's studied, the textures seem to evolve t o wards a stable pattern which is far from a uniform director which m a y h a ve been expected to be the equilibrium. In other words, the characteristic domains size initially increases, as the coarsening dynamics would require, but then it saturates at a c o n s t a n t v alue, e.g. No study of the \equilibrium" textures, with apparently time-independent s i z e , has been reported in the non-crosslinked main-chain nematic polymers. The reason for existence of such textures is poorly understood. It has been attributed either to boundary e ects 12, 1 4 ], or to the slow formation of solid crystals in the polymer 11, 1 3 , 1 9 ] . In this paper we address this question, examining the long-time properties of textures in a typical non-crosslinked MCLCP. We con rm that no solid crystallisation occurs, and we employ thick samples to avoid boundary e ects as much as possible. We always work well above the glass transition temperature to ensure chain mobility. In spite of all these factors that should together lead to a coarsening of the texture towards a single domain, we observe that polydomain textures are stable in time. We then study the equilibrium properties of these textures, and show that the characteristic domain size is an increasing function of temperature, and is reversible, as in the case of elastomers. An attempt to rationalise this nding leads us to a choice of two models: (1) A complete freezing of polymer reptation in the nematic phase, which w ould be consistent with stable textures, but does not support earlier reports of initial coarsening. (2) The presence of quenched sources of local orientational disorder which w ould explain the equilibrium texture remaining in the samples after an initial relaxation. We suggest that such sources exist in many MCLCP's (e.g. entanglements or chain branchings), where their position can relax but their average numbere ectively remains constant in the polymer melt.
Experimental. { The thermotropic main-chain liquid crystalline polymer used in this study is a polyether with the chemical structure given in g. 1. The material has been synthesised in our laboratory, following the procedure outlined by Percec group is 1-(4-Hydroxy-4-biphenyl)-2-(4-hydroxyphenyl) butane, a rod-like o b j e c t w i t h l e n g t h 31 A. These groups are connected together to make a polymeric chain via exible spacers which consist of 8 methylene groups. The pendant CH 2 -CH 3 spur breaks the symmetry of the mesogenic group, introducing steric disorder that prevents crystallisation and lowers the transition temperatures. The polymer chains obtained in this synthesis have molecular weight of M n = 16000 (number average) and M w = 89000 (weight average), determined by gel permeation chromatography (polystyrene standard) at the Melville Laboratory for Polymer Synthesis. This makes the average number of monomers on a chain 40. The phase sequence of this polymer includes a nematic phase 20]. By di erential scanning calorimetry (DSC, Perkin-Elmer DSC7) measurements, we obtain the glass transition temperature of T g = 4 8 o C, and nematic to isotropic transition temperature of T ni = 1 1 6 o C, in good agreement with the literature values (120 o C on heating and 112 o on cooling in 20]). The T ni was further con rmed by the optical microscopy at di erent heating rates and extrapolating to zero heat rate.
After very careful elimination of solvent, which would a ect the transition temperatures and the dynamics, the polymer melt is spread between two glass plates at a high temperature (the thickness of the sample is about 50 m), and placed on a temperature controlled stage. A typical experimental sequence consists of (a) annealing the sample at 150 o C (above T ni ), (b) rapid cooling to a working temperature T w , below T ni but well above T g , (c) waiting at this temperature T w for equilibration, and (d) slowly varying the temperature to observe t h e variation of the equilibrium domain size . The time of annealing at 150 o C step (a)] must be long enough to ensure that the polymer chains in the molten sample are equilibrated before entering the nematic phase. However, DSC measurements have s h o wn that the annealing time above T ni does not signi cantly a ect the value of the transition temperature, which g i v es us con dence that full equilibration has been achieved.
The textures are observed using a polarised optical microscope (Zeiss Axioplan). The characteristic length scale of textures (the domain size ) is measured using image analysis software (NIH Image). The uniform regions are separated by disclinations connected by lines of light extinction that appear black on images. We thus use the criterion that one domain corresponds to a clear region surrounded by s u c h b l a c k lines. The domain area is then determined by image analysis, setting the appropriate grey level threshold. We determine the characteristic length scale as the square root of the mean domain area. Light scattering, commonly used to determine the domain size, was not useful in this study, since our samples are too thick and produce multiple scattering. No peak of maximal scattering intensity is observed, as was seen for thin samples 9]. However, images of the texture could be obtained using optical microscopy with strong sample illumination. The evolution of these images was video-recorded (via a CCD camera) and analysed in real-space.
Results. { Figure 2 shows micrographs of the textures obtained when the sample is placed between crossed polars. After being annealed at 150 o C for 2 hours, the sample is quickly cooled to T w = 8 6 o C in 3 min, then kept at this temperature for 118 hours. During this last step, we registered a slow equilibration of the pattern: just after being quenched, the sample appears opaque without crossed polars, presumably because of the small domains which strongly scatter the light. After about 10 hours, the sample becomes transparent, and textures are seen in the microscope when observed under crossed polars, suggesting that the domains have grown. We interpret this change as an initial coarsening of the texture, reported by many authors on other materials: the length scale is increasing from a state with of the order of light w avelength (leading to the multiple scattering) to the nal value, slightly greater than , allowing the light to go through the thick sample. By optical microscope observation, we m a k e sure that the texture is stable before beginning the experiment. It is then decreased back to its initial value at the same rate. The domains grow with increasing temperature, and shrink with a decreasing temperature. The white bar represents 10 m.
We then slowly increase the temperature (at a rate 0:5 o C/min) up to a value very close to T ni , but still in the nematic state. Images are recorded, and the domain growth can be followed. The temperature is then decreased at the same rate to its initial value T w . During this last step, domain shrinking is observed. The plot in g. 3 shows that the average domain size is reversible during this cycle in temperature. This result suggests that the observed textures correspond to an equilibrium, or at least a metastable state: if the increase of characteristic length scale with temperature could be attributed to the increasing mobility o f t h e p o l y m e r chains, looking to reach their uniform-director energy minimum, the coherent decrease in this size when the temperature is decreasing back t o T w cannot be due to any kinetic process. If the uniform director represents the lowest-energy state of the system, the relaxation of any texture can either proceed towards this state, or be halted, dynamically frozen by some mechanism { but it cannot move the texture in the direction opposite to the equilibrium. This nding is the main result of this paper: We make the conclusion that the uniform director is not the free energy minimum in our system. From the data in g. 3 it appears that after initial coarsening, the texture has achieved its thermodynamic equilibrium with the characteristic size a r e v ersible function of temperature. Fig. 3 . { E v olution of the average domain size with temperature. This plot corresponds to the experiment described in g. 2. The domain size grows when the temperature increases, and shrinks reversibly when the temperature decreases. Solid line shows the t to the theoretical model This conclusion is further supported by the following observation: if the temperature is increased to and stopped at T = 1 1 4 o C ( a v alue close to the clearing point, T ni ; 2 o C), we have observed no change in the texture during a period of 49 hours. When the temperature cycle is continued, the domain size followed the plot in g. 3 as if there had been no wait at 114 o C. At all temperatures, from the low p o i n t of the cycle T w and above, the sample remains uid when submitted to a compression. We h a ve also con rmed by dissolving the sample that there is no gel fraction. Therefore no glass e ects or accidental crosslinking could explain the quenching of the relaxation. Moreover, DSC did not show any e ect on T ni of a long time spent a t a w orking temperature T w in the nematic state, whereas texture evolution is generally accompanied by a shifting in T ni 12, 1 5 ] . Let us note that the DSC measurements also show no trace of a slow crystallisation process the existence of equilibrium textures may not be attributed to the presence of solid impurities inhibiting the evolution.
Discussion. { The present study demonstrates that the characteristic length associated with the Schlieren textures observed in our MCLCP is stable in time, temperature dependent, and reversible on cycling the temperature, although no glass or crystalline regions are present in the sample, and the boundary e ects are minimised. Moreover, the domain size is an increasing function of the temperature. This behaviour is very similar to the one observed in liquid crystalline elastomers. There, equilibrium textures are due to the competition between the nematic Frank elasticity, which favours a single domain alignment, and the quenched random-orientation disorder introduced by the network crosslinks 17, 2 1 ].
If we adopt the view that similar orientational impurities, i.e. sources of local disorder in the director eld are present in our MCLCP as in elastomers, then theory gives a prediction for the characteristic domain size: ' 16 2 K 2 =( x g 2 ) 2 1 ] w i t h K the Frank elastic constant of the nematic, x the density of quenched impurities and g the energy of local coupling between such a n i m p u r i t y and the director n. Usually, t h e F rank constant scales as the square of the nematic order parameter Q(T ) near the transition point, K (Q 2 ) 10 ;11 N. The value and the scaling of the coupling constant g is not known { it depends on the nature of quenched sources of random disorder. However, if we assume that the density, x 10 25 m ;3 , approximately 3 times smaller than a typical crosslinking density of elastomers, then the estimate of the coupling constant g can be derived from the low-temperature (Q ! 1) value of the domain size ' 1:5 10 ;6 m. We t h us obtain g 10 ;20 J, not an unreasonable value when compared to k B T ' 5:5 10 ;21 J. The fact that increases towards T ni (when the local nematic order parameter Q ! 0) suggests that this coupling constant scales with order parameter with the power greater than 2, g Q 2+" . In fact, if we take a quoted temperature dependence Q Q + ( 1 ; T = T ni ) 22] near this weak rst-order transition, the tting of random-disorder prediction to the plot in g. 3 robustly gives g Q 3 for the jump value Q 0:4 and the exponent 0:2, both very close to literature values. However, in spite of the appealing analogy, w e m ust remember that in our case the polymer is not crosslinked. On the other hand, the observed behaviour seems very di erent from many other LCP, especially side-chain, which usually coarsen their texture. A possible reason for this peculiar behaviour is the existence of branching points in the polymers, occurring during the chemical synthesis, and due to the pendant side group attached to the mesogenic groups. Such branching points, or indeed the chain entanglements, would introduce local sources of random anisotropy for the director eld. Although one cannot assume such sources to be permanently quenched, as in elastomeric network, their total average density x in the polymer melt must remain a constant material parameter. In the coarse-grained theory of weak random disorder 21] the density of impurities and their coupling constant g are the only model parameters, so the prediction for the equilibrium domain size in a polymer melt may not be unreasonable.
Nevertheless, a possibility of arrested chain reptation, speci c to main-chain nematic polymers, cannot be fully excluded. On the one hand, this idea appears to contradict the observation of the initial texture coarsening, reported by m a n y independent studies. On the other hand, there might be a number of independent relaxation processes that allow some director re-orientation before the kinetics would become frozen by the prohibited reptation. More studies are needed to determine the dynamic properties of main-chain LCPs and to make a selection between the equilibrium and the kinetic explanations of their stable Schlieren textures.
